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Summary 
The yeast mitochondrial group I intron b15 undergoes 
self-splicing at high Mg 2+ concentrations, but requires 
the splicing factor CBP2 for reaction under physiologi- 
cal conditions, Chemical accessibility and UV cross- 
linking experiments now reveal that self-processing 
is slow because functional elements are not properly 
positioned in an active tertiary structure, Folding en- 
ergy provided by CBP2 drives assembly of two RNA 
domains that comprise the catalytic core and medi- 
tates association of an - 100 nt 5' domain that contains 
the 5' splice site, Thus, the protein assembles RNA 
secondary structure elements into a specific three- 
dimensional array while the RNA provides the catalytic 
center, The division of labor between RNA and protein 
illustrated by this simple system reveals principles 
applicable to complex ribonucleoprotein assemblies 
such as the spliceosome and ribosome, 
Introduction 
Self-splicing of group I introns is mediated by a common 
catalytic ore that contains most of the highly conserved 
sequences (Cech, 1990; Michel and Westhof, 1990). The 
core includes structural elements involved in orienting the 
5' splice site helix, P1, and binding the guanosine nucleo- 
phile (Michel et al., 1989; Pyle et al., 1992). Comparative 
sequence analysis and diverse biochemical experiments 
support a three-dimensional model in which the catalytic 
core is composed of two roughly helical domains, P5-P4- 
P6 and P7-P3-P8 (Michel and Westhof, 1990, and refer- 
ences therein; Wang and Cech, 1992; Wang et al., 1993; 
Murphy et al., 1994). In the b15 intron, we will show that 
the 5' splice site helix lies in a 5' domain of approximately 
110 nt. Thus, b15 is composed of three domains of 70- 
120 nt each (Figure 1). 
By probing intermediates using chemical accessibility 
and ultraviolet (UV) cross-linking approaches, we identify 
two structural transitions promoted by CBP2. These are, 
first, assembly of the catalytic ore, which involves associ- 
ation of two do mains with each other and with other periph- 
eral structures and, second, association of the 5' domain 
with the catalytic core. We determine equilibrium con- 
stants for these folding transitions and can quantitatively 
account for the differences between the rates of self- 
splicing and CBP2-facilitated splicing. The CBP2-bl5 sys- 
tem illustrates how energy derived from protein binding 
can be used to facilitate RNA catalysis, a problem of gen- 
eral importance to RNPs, including the ribosome and 
spliceosome. 
Many central biological processes are carried out by com- 
plex machines whose function requires intimate collabora- 
tion between protein and RNA. For several ribonucleopro- 
tein (RNP) enzymes, including RNase P, the ribosome, 
and the spticeosome, there is either compelling or growing 
evidence that essential active site structures are provided 
by the folded RNA (Guerrier-Takada et al., 1983; Madhani 
and Guthrie, 1992; Noller et al., 1992; and references 
therein). Protein subunits of RNPs may then facilitate 
intrinsically RNA-catalyzed reactions by performing es- 
sential auxiliary functions, including stabilizing and modu- 
lating RNA architecture, promoting domain/subunit as- 
sembly and disassembly, increasing specificity, and allowing 
regulation (for example, Guerrier-Takada et al., 1983; 
Reich et al., 1988; Mohr and Lambowitz, 1991; Guo and 
Lambowitz, 1992; Burgess and Guthrie, 1993; Jandrositz 
and Guthrie, 1995). 
Here we examine a one protein-one RNA system that 
exemplifies features fundamental to such RNPs, yet is 
simple enough to allow it to be dissected into elemental 
steps. The system involves cytochrome b pre-mRNA pro- 
cessing protein 2 (CBP2), which is essential for efficient 
processing of the b15 group I intron from the yeast mito- 
chondrial cytochrome b pre-mRNA in vivo and at low Mg 2÷ 
concentrations in vitro. The precursor does self-splice at 
high Mg 2÷ concentrations in vitro (Gampel and Tzagoloff, 
1987; Partono and Lewin, 1988; Gampel et al., 1989). 
Results 
Strategy for Identifying Structural Intermediates 
We have previously inferred the existence of two b15 RNA 
folding transitions based on kinetic studies (Weeks and 
Cech, 1995). The first transition is promoted by Mg 2+ and 
is complete at 40 mM MgCI2, while the second transition 
is not strongly promoted by the divalent ion, but becomes 
quantitatively complete upon CBP2 binding. We hypothe- 
sized that each transition involves formation of specific 
structural intermediates. We now probe the structures of 
these potential intermediates using two small reagents 
with complementary specificities, dimethyl sulfate (DMS) 
and Fe(II)-EDTA, which detect the accessibilityof the base 
pairing faces of adenine and cytosine and of the phosphori- 
bose backbone, respectively. Differences observed in pro- 
tection patterns at low Mg 2+ concentrations would reflect 
both transitions and would be difficult to deconvolute. 
Therefore, we evaluate the RNA structure at 40 mM MgCI2 
and then compare this pattern with that obtained for the 
CBP2-RNA complex, also at 40 mM Mg 2÷. 
CBP2 Binding Protects P1 and Its Docking Site 
from DMS Modification 
We treated the RNA with DMS and identified methylated 
A and C bases as stops to reverse transcriptase (Inoue 
and Cech, 1985; Moazed et al., 1986). Susceptibility to 
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Figure 1. Domains of the b15 RNA and Their CBP2-Mediated As- 
sembly 
b15 secondary structure elements areidentified as P (paired region), 
J (joining region), and L (hairpin loop). The 5' and 3' splice sites are 
indicated by open diamonds. Every tenth nucleotide is indicated by 
a line; every fiftieth position is numbered. The asterisk and dagger 
indicate sequences that pair to form helices P10 and P11, respectively. 
Open and closed arrowheads represent moderate and strong protec- 
tion, respectively, from modification by DMS upon addition of CBP2. 
Stippled regions indicate positions protected from Fe(II)-EDTA cleav- 
age at 40 mM, as compared with cleavage observed at 0 mM MgCI2. 
Closed circles indicate further protection from Fe(II)-EDTA cleavage 
upon addition of CBP2 at 40 mM MgCIz. 
DMS methylation was essentially unchanged between 5 
and 40 mM Mg 2+ concentrations. The pattern of accessibil- 
ity was consistent with the secondary structure derived 
from comparative sequence analysis (Michel et al., 1982; 
Davies et al., 1982; Michel and Westhof, 1990) and with 
previous experiments using a different chemical probe, 
CMCT (Gampel and Cech, 1991). Residues expected to 
be single stranded (L and J regions) were in general modi- 
fied by DMS, and residues shown as forming base-paired 
helices (P regions) were largely inaccessible to the probe 
(data not shown). 
Unexpected was the reproducible modification of bases 
A(-2), A18, and A21 in P1 in the absence of CBP2 (Figure 
2). P1 contains the 5' splice site, and the integrity of the 
P1 helix has been shown to be important for the first step of 
splicing (Partono and Lewin, 1990; Ritchlings and Lewin, 
1992). Modification in P1 under native conditions was pre- 
viously observed at U20, using CMCT (Gampel and Cech, 
1991). 
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Figure 2. Protection of b15 RNA from DMS Modification upon CBP2 
Binding 
The bl5-2 precursor was incubated without (0) or with DMS in the 
absence (minus) or presence (plus) of saturating concentrations of 
CBP2 at 40 mM MgCI2. Open and closed arrowheads indicate positions 
moderately (less than 2-fold) and strongly (more than 2-fold) protected 
from modification upon addition of CBP2, respectively. The sites of
modification in the DMS reactions are assigned as one position 5' to 
the corresponding position in the marker lanes (A and C) generated 
from dideoxy sequencing reactions. The left and right panels corre- 
spond to reverse transcriptase extension reactions performed with 
primers 50 and 130, respectively. 
When methylation was performed in the presence of 
CBP2, protection was observed at 23 of the 92 residues 
methylated in the absence of the protein (arrowheads in 
Figures 1 and 2), including the previously accessible posi- 
tions in P1, A18 and A21. Of the 23 positions protected 
from methylation upon addition of CBP2, all but two are 
clustered in or immediately adjacent to one of five ele- 
ments of the secondary structure, L0/P0, P1, J2/3, J4/5, 
or J8/7 (see Figure 1). Strikingly, each of these protected 
elements is implicated in forming the constellation of struc- 
tures responsible for positioning P1 in the intron active 
site, as follows. 
P1 is recognized as a helical element, so it is expected 
that it must be protected from DMS modification when 
bound. J4/5 and J8/7 are both proximal to P1, as demon- 
strated by affinity cleavage, photocross-iinking, deoxyri- 
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bose substitution, and mutagenesis and as corroborated 
by model building (Wang and Cech, 1992; Wang et al., 
1993; Pyle et al., 1992; Michel and Westhof, 1990). In 
the case of J8/7, a specific contact has been identified 
between A302 in J8/7 and a ribose in P1 in the Tetrahy- 
mena ribozyme (Pyle et al., 1992). The P0/L0 stem-loop 
structure shown in Figure 1 is not part of the phylogeneti- 
cally conserved architecture of group I introns. We will 
show in a subsequent section that P0 promotes associa- 
tion of the 5' splice site helix, P1, with the catalytic core 
of the intron. J2/3 physically links the 5' domain, which 
contains P1, with the catalytic ore. Analysis of mutations 
in an analogous linking region in the Tetrahymena ribo- 
zyme supports assignment that this region is important 
for optimizing tertiary interactions that position P1 in the 
catalytic core (Young et al., 1991; Herschlag, 1992). 
Although the observed pattern of protection at P0/L0, 
P1, J2/3, J4/5, and J8/7 might be explained by some com- 
bination of independent protein-RNA and RNA-RNA in- 
teractions, a unifying and simpler explanation is that most 
of the changes in the pattern of methylation susceptibility 
upon CBP2 binding result from a single process: formation 
of tertiary contacts between P1 and the intron core. 
Stepwise Assembly of Three RNA Domains 
Revealed by Fe(II)-EDTA Accessibility 
Free radical-mediated cleavage of ribose moieties in- 
duced by Fe(II)-EDTA is largely insensitive to both base 
composition and secondary structure and thus reflects for- 
mation of higher order tertiary contacts (Hertzberg and 
Dervan, 1984; Tullius and Dombroski, 1986; Latham and 
Cech, 1989; Celander and Cech, 1990). In the absence 
of Mg 2+ and CBP2, reaction with Fe(II)-EDTA yielded a 
roughly even pattern of cleavage at every position (Figure 
3A, lane 0). In the presence of 40 mM MgCI2, some regions 
became protected from cleavage, while others were unaf- 
fected. Protection can be thought of as a footprint due to 
intramolecular RNA-RNA contacts (compare lanes 0 and 
40 under plus Fe(II)-EDTA in Figure 3A). 
The entire protection pattern was evaluated quantita- 
tively, as shown for two especially informative regions in 
Figures 3B and 3C. The catalytic core (P6, P3, PT, J8/7) 
becomes shielded from solvent upon addition of MgCI2 
(summarized as stippled regions in Figure 1). The overall 
pattern is strikingly similar to those observed previously 
for the Tetrahymena and bacteriophage T4 introns (La- 
tham and Cech, 1989; Heuer et al., 1991). That the intra- 
molecular Fe(II)-EDTA footprints are so alike provides 
very strong evidence that at high (40 mM) Mg 2+ concentra- 
tions the catalytic core of b15 is folded into an architecture 
highly similar to that of other group I introns. Core assem- 
bly involves association of the P5-P4-P6 and PT-P3-P8 
domains with each other and with peripheral structures 
such as P7.1-P7.1a and P9 (see Figure 1). There is little 
or no protection in the 5'domain, including in the P1 helix, 
the site of G addition in the first step of splicing (Figure 3B). 
Upon binding of CBP2 at 40 mM Mg 2÷, additional regions 
become protected from the solvent-based probe (compare 
the 40 minus CBP2 and 40 plus CBP2 lanes in Figure 3A; 
summarized as closed circles in Figure 1), including much 
of the 5' domain. In most regions where there is strong 
protection observed in the presence of Mg 2+ alone, such 
as J6/7 and P7, there is essentially no enhanced protection 
upon addition of the protein. Other regions, such as P0, P1, 
J7.117.1 a, and L7.1 a, are not protected from Fe(ll)-EDTA- 
mediated cleavage in 40 mM Mg 2+, but are strongly pro- 
tected upon addition of CBP2 (Figures 3B and 3C). 
There are not many regions that are both partially pro- 
Figure 3. Identification f Two Folding Transi- 
tions by Fe(II)-EDTA Footprinting of b15 RNA 
(A) Fe(II)-EDTA reactions (plus Fe(II)-EDTA) 
were performed with 5' end-labeled precursor 
incubated in the absence or presence of 40 
mM MgCI2 or incubated with both MgCI2 and 
CBP2. In control reactions (minus Fe(II)- 
EDTA), the precursor was incubated in the ab- 
sence of reagent. Marker lanes (G and A) were 
produced by iodine cleavage of phosphorothio- 
ate-containing RNAs. 
(B and C) Quantification ofFe(II)-EDTA reac- 
tions. Lanes were scanned using a Phos- 
phorlmager; positions were determined by 
comparison with marker lanes. Positions in the 
0 mM Mg 2÷ line whose intensity is primarily due 
to background are truncated. The large peak 
observed at the 5' splice site (arrowhead in [B]) 
for the 40 mM MgCI2 and plus CBP2 reaction 
is due to splice site hydrolysis. Two representa- 
tive regions are shown; Fe(ll)-EDTA-mediated 
cleavage was evaluated for the entire intron 
from similar plots. 
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Figure 4. Kinetic Framework for Self-Processing by the bi5 Precursor 
K~ore and Ks'domain re equilibrium constants for assembly of the catalytic 
core and association of the 5' domain, respectively, kcis the rate of 
conversion of the completely assembled ribozyme. 
tected from cleavage by Mg 2. and further protected upon 
addition of CBP2 (represented by both stippling and a 
closed circle in Figure 1), indicating that two transitions 
have been isolated in these experiments: Mg2+-induced 
assembly of the intron catalytic core and CBP2-mediated 
association of the 5' domain. Changes in both DMS and 
Fe(II)-EDTA protection patterns upon addition of CBP2 
at 40 mM Mg 2+ reflect, in part, the same conformational 
change: formation of tertiary contacts between the 5' do- 
main and the catalytic core. 
The additional intermediate for the protein-independent 
reaction proposed previously on the basis of kinetic and 
thermodynamic reasoning (Weeks and Cech, 1995) is thus 
identified as the following structural intermediate: the cata- 
lytic core has been formed, but the 5' domain is not associ- 
ated with it, although it is tethered to it through J2/3, as 
illustrated in Figure 4. 
5' domain association is related to the process of P1 
docking described previously for the Tetrahymena intron 
(Herschlag, 1992; Bevilacqua et al., 1992), in that both 
involve positioning of P1 ; however, P0-P1-P2-P2a spans 
117 nt and is a much more extensive structure than a 
simple helix. Kinetic, thermodynamic, and footprinting evi- 
dence support the view that the 5' domain interacts with 
the core as a single unit. 
Productive Contribution of a Structure 
in the 5' Exon 
Precursors containing 5' exons of 114 and 31 nt (bl5-2 
and b15-5R, respectively) have similar rates of both pro- 
tein-independent and protein-facilitated splicing (Table 1), 
In addition, these precursors bind CBP2 with comparable 
affinities (Kd CBP2, Table 1). These data indicate that se- 
quences upstream of C(-31) do not facilitate splicing for 
either self-processing or protein-facilitated reactions. 
In contrast, self-processing is slowed 26-fold and CBP2 
binding is weakened 150-fold for the bl5-AP0 precursor, 
in which P0 has been cleanly deleted. However, in the 
presence of saturating concentrations of CBP2, reaction 
of the AP0 precursor is restored to a rate within 2.5-fold 
of that for the 5R precursor (Table 1). 
These data suggest that P0/L0, a structure located 
within the 5' exon (see Figure 1), promotes association of 
the 5' domain with the catalytic core. This contribution is 
especially obvious in the absence of CBP2. Protein bind- 
ing suppresses this structural defect, because CBP2 also 
promotes association of the 5' domain. However, a much 
higher concentration of protein is required to achieve satu- 
ration in the case of bl5-AP0, presumably because favor- 
able contacts are missing in this precursor. Protein- 
mediated suppression of splicing-defective mutations in 
group I introns has also been observed in the case of 
CYT18 (Mohr et al., 1992). 
UV Cross-Links Monitor RNA Folding 
Several cross-links were formed upon 254 nm irradiation 
of the b15 pre-mRNA or the CBP2-bl5 complex. The four 
indicated in Figure 5A were characterized using three ap- 
proaches. First, we identified the 5' and 3' cross-link part- 
ners by primer extension or RNase H analysis. In mapping 
cross-links by primer extension, it is important to recognize 
that cross-links involving the nonpairing face of a base may 
permit relatively efficient passage of reverse transcriptase 
through the lesion. Second, we characterized the sensitiv- 
ity of the cross-links to both MgCI2 concentration and CBP2 
binding. Third, we compared the splicing activity of UV- 
irradiated but uncross-linked material with that of the 
cross-linked species. Phenotypes of the characterized 
cross-links are summarized in Table 2. 
Nucleotides participating in cross-links were identified 
principally by primer extension. Reverse transcriptase ter- 
minates one position 3' to a cross-linked nucleotide. By 
careful selection of primers, we were able to map both the 
5' and 3' partners for cross-link 2 (XL-2) and XL-4 and the 
3' partner for XL-1, as shown in Figure 5B and summarized 
in Table 2. The 5' partner for XL-1 was tentatively identified 
as a modest stop at position A308, which we confirmed 
by RNase H digestion using 5' end-labeled RNA. RNase 
H analysis indicated that the 5' partner of XL-1 lies between 
or within primers complementary topositions 279-304 and 
326-346 (data not shown), a range consistent with assign- 
Table 1. Contribution ofthe 5' Exon to Splicing at 40 mM MgCI2 
Length of 5' kc= without CBP2 kcat with CBP2 kcat with CBP2/ Kd CBP2 
Precursor Exon (nt) (per min) (per min) kcat without CBP2 (nM) 
bl5-2 114 0.17 1.0 5.9 0.07 
b15-5R 31 (+4) a 0.18 1.4 7.8 0.04 
bl5-AP0 8 0.007 0.55 79 6 
k~= at 40 mM MgCI2 in the absence or presence of CBP2 reports reaction of the tethered intermediate orof the completely assembled ribozyme, 
respectively (Figure 4; Weeks and Cech, 1995). Reactions were performed side by side; the ratios of rates are less variable than the absolute 
values of the rates. GMP concentration was 2 raM. 
a The b15-5R precursor includes a 5' tail of 4 nt required for efficient transcription by T7 RNA polymerase. The following 31 nt represent native 
sequence. 
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Figure 5, Characterization of Cross-Links 
(A) UV cross-links formed as a function of Mg 2. 
concentration and CBP2 binding. 
(B) Identification of cross-link partners by 
primer extension analysis. Cross-links were 
identified as stops inall four lanes in dideoxy- 
nueleotide-terminated primer extension reac- 
tions performed with gel-purified cross-linked 
RNA, but were not seen with UV-irradiated un- 
cross-linked RNA (ucl). A series of six primers 
was employed to analyze the entire sequence 
for each cross-linked RNA (data not shown). In 
some panels the stops generated by dideoxy- 
nueleotide termination are too light to be seen 
here. 
ment as A308. We were unable to identify either the 5' or 
3' partner for XL-3. 
The intensity of XL-1 both increases with Mg 2+ and fur- 
ther increases upon addition of CBP2 (Figure 5A). This 
cross-link involves bases in structures that fold with the 
core and exhibits splicing kinetics similar to that observed 
for the uncross-linked species (Figure 6; Table 2). Thus, 
XL-1 primarily monitors core assembly. 
XL-2 involves a cross-link between the core and the 3' 
exon (Table 2); there is no evidence supporting a produc- 
tive role for such an interaction. RNAs containing XL-2 
are unreactive in splicing assays in either the absence or 
presence of CBP2 concentrations sufficient to saturate 
splicing of the UV-irradiated but uncross-linked precursor 
(Table 2). Moreover, the intensity of XL-2 decreases with 
increasing Mg 2÷ concentrations, but is not further dimin- 
ished upon addition of CBP2 (see Figure 5A). Together, 
the data indicate that XL-2 reflects opportunistic trapping 
of a nonnative RNA structure under conditions of low Mg 2÷ 
in which the active core structure is destabilized. 
XL-3 exhibits splicing kinetics imilar to that observed 
for the uncross-linked species in both protein-independent 
and protein-facilitated reactions (Figure 6; Table 2). The 
intensity of the cross-link increases with Mg 2+ concentra- 
tion, but, like XL-2, is not strongly affected by addition of 
CBP2 (compare 5 mM and 40 mM MgCI2 lanes in Figure 
5A). Thus, this cross-link monitors the catalytically active 
state of the precursor, but cannot compensate for facilita- 
tion by CBP2 at high Mg 2÷ concentrations. XL-3 reports 
formation of the folded core. 
Table 2. Summary of Phenotypes and Splicing Activity for Cross-Linked RNAs 
Change in Cross-Link Intensity ~ Partners 
With Increasing Upon Addition I~t with C'BP2 I~= without CBP2 k:= with CBP2/ 
RNA [Mg 2÷] of CBP2 (per min) (per min) kcat without CBP2 5' 3' Cross-Link Monitors 
U ncross-Linked 1.5 0.16 9.4 
(UV Irradiated) b 
XL-1 +++ + 1.1 0.12 9.2 P8-P9.1 J9.1/9.0 Core assembly = 
XL-2 0 <0.01 d <0.01 d - P3-P4 3' Exon Inactive structure 
XL-3 +++ 0 0.84 0.21 4.0 Core assembly 
XL-4 + +++ 1.1 0.65 d 1.7 ~ L2a L8 5' Domain 
association 
Kinetic measurements obtained at pH 7.6,40 mM MgCIz, 35°C with 2 mM GMP. 
a Increases strongly (triple plus); increases modestly (plus); decreases strongly (triple minus); 0, no further change upon CBP2 addition at 40 mM 
MgCI2. 
b Reaction kinetics for the uncross-linked precursor are the same within error as that observed previously for native RNA not subj cted to UV 
irradiation (Weeks and Cech, 1995), confirming that the short irradiation time employed in these experiments does not severely damage the RNA. 
In both cases, the rate of splicing is accelerated - 8-fold by CBP2. 
° As discussed in the text, XL-1 also monitors structural changes at the 3' splice site. 
d Values significantly (more than 3-fold) different from those observed for the uncross-linked precursor are emphasized n bold. For values listed 
as <0.01, no reaction was observed; the limit of detection is 0.01. 
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Figure 6. RNAs Containing XL-1, XL-3, and XL-4 Are Catalytically Ac- 
tive; XL-4 Rescues Splicing Activity inthe Absence of CBP2 
Protein-facilitated (circles) and protein-independent (squares) reac- 
tions at 40 mM MgCI2 were initiated by addition of GMP to a final 
concentration of 2 mM; when present, the concentration ofCBP2 is 
50 nM. RNAs were individually excised and eluted from a denaturing 
gel and refolded as described in Experimental Procedures. Starting 
material, sm. 
The intensity of XL-4 shows modest dependence on 
Mg 2+, but increases dramatically upon addition of CBP2 
(see Figure 5A; Table 2). Moreover, this cross-link between 
the 5'domain (in L2a) and the core (in L8) largely compen- 
sates for the presence of CBP2 in the protein-independent 
reaction, the difference in rate for the two reactions being 
less than 2-fold (Figure 6; Table 2). Thus, XL-4 monitors 
assembly of the 5' domain with the catalytic core. XL-4 is 
acting as a covalent tertiary interaction, which promotes 
association of the 5' domain. 
We emphasize that RNAs containing XL-1, XL-3, and 
XL-4 exhibit splicing activity comparable with or better 
than uncross-linked RNA (Figure 6), providing very strong 
evidence that these cross-links monitor the active form of 
the intron. 
Quantifying the RNA Assembly Process 
Folding of the catalytic core (XL-1, XL-2, and XL-3) and 
association of the 5' domain (XL-4) can be simultaneously 
and independently monitored as a function of Mg 2÷ con- 
centration and CBP2 binding, as shown in Figure 7A. The 
cross-link intensities observed at 5 mM and 80 mM MgCI2 
were taken to define the unfolded and completely folded 
structures, respectively, in the absence of CBP2. Folding 
induced by Mg 2+ alone is normalized to a scale from 0 to 
1, and additional contributions made by CBP2 binding are 
reported as a fraction folded larger than 1. 
XL-1, XL-2, and XL-3 monitor the same folding process 
(Figure 7A). Recall that a fraction folded of 1 corresponds 
to maximum cross-linking efficiency for XL-1 and XL-3 and 
to disappearance of the cross-link for XL-2. Folding in the 
absence of CBP2 appears to be a two-state process and 
occurs over a narrow range of Mg 2+ concentrations, indica- 
tive of high cooperatMty, as shown in Figure 7B. Our data 
suggest that at least three magnesium ions, in addition to 
those bound in the unfolded state, bind in the cooperative 
folding transition. The Mg 2÷ concentration at which one 
half of the molecules are folded (Mg~,) is 15.2 _+ 1.9 mM. 
The intensity of XL-4 increases with Mg 2÷, but does not 
report he same cooperative folding transition as that moni- 
tored by XL-1, XL-2, and XL-3. Instead, it increases ap- 
proximately linearly with Mg 2÷ (broken line in Figure 7B). 
Binding curves are linear when ligand concentrations are 
well below the I~. For the Mg2+-induced folding process 
monitored by XL-4, the Mgv~ must be significantly greater 
than the largest Mg 2+ concentration (80 m M) used in these 
experiments. 
Upon addition of CBP2 at high Mg 2÷ concentrations, the 
intensities of XL-2 and XL-3, which reflect folding of the 
catalytic core (Table 2), are unchanged (Figure 7A). This 
equivalence supports our model in which high concentra- 
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Figure 7. Monitoring RNAAssemblybyQuan- 
titation of UV Cross-Linking 
(A) Representative cross-linking profile as a 
function of MgCI2 concentration and CBP2 
binding. The same cross-links and the same 
dependence on Mg 2+ concentration were also 
observed when the final divalent ion concentra- 
tion was achieved by dilution from 80 mM (data 
not shown), providing evidence that the struc- 
tures are at thermodynamic equilibrium. 
(B) Quantification of core (circles, XL-1; 
squares, XL-2; diamonds, XL-3) and 5' domain 
assembly (triangles, XL-4). Points represent 
averages from three independent experiments 
like that shown i (A). Fraction folded for XL-1, 
XL-2, and XL-3 (solid line) isdescribed by coop- 
erative Mg 2+ binding as follows: fraction core 
folded = 1/(1 + IMg,~/[MgCI2]/n). The fit yields 
n,g2+ = 3.3 -+ 0.3 and Mg,,~, = 15.2 _+ 1.9. 
Folding of XL-4 is fit as a noncooperative pro- 
cess: fraction 5' domain folded = 1/(1 + Mg~/ 
[MgCI2]), with Mg,h = 250 mM. 
(C) Determination f K~,do,,ai, from the change 
in intensity of XL-4 upon addition of CBP2. 
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tions of Mg 2÷ stabilize assembly of core structures as well 
as does binding by CBP2. 
In contrast, the intensity of XL-4, which reports associa- 
tion of the 5' domain, increases 5- to 10-fold upon addition 
of CBP2 at 40-60 mM MgCI2 (Figure 7C). These data are 
in excellent agreement with the 8-fold increase in the rate 
of splicing for the CBP2-bl5 complex as compared with 
the rate of self-processing at this Mg 2÷ concentration 
(Weeks and Cech, 1995). As monitored by all four cross- 
links, CBP2 binding at 7 mM Mg 2+ quantitatively converts 
b15 into a catalytically active structure, in which both the 
catalytic core is properly folded and the 5' domain is asso- 
ciated with the core (Figure 7). 
The intensity of XL-1, which monitors structures adja- 
cent to the 3' splice site, increases 2.5-fold at 40 mM Mg 2+ 
upon formation of a complex with CBP2 (see Figure 5A), 
a value smaller than that observed for XL-4 or required 
to explain the increase in splicing rate observed upon addi- 
tion of CBP2 at 40 mM MgCI2. Bases that form P9.0 and 
P10 were not protected from DMS in either the presence 
or absence of CBP2 (data not shown), even though the 
integrity of these helices is known to be important for accu- 
rate 3' splice site selection and efficient exon ligation 
(Burke et al., 1990; Michel et al., 1990; Partono and Lewin, 
1991; Ritchlings and Lewin, 1992). Our data suggest that 
CBP2 binding has differential effects on structures re- 
quired for orienting the 5' and 3' splice sites. The folding 
process monitored by XL-1 may be modulated further as 
splicing proceeds. 
Assembly Is (Almost) Everything 
A critical test of our model of Mg 2+ and CBP2 facilitation 
of splicing by b15 is whether we can account for the pro- 
cessing rate of b15 at any Mg 2+ concentration using equilib- 
rium constants for RNA folding derived from quantitative 
photocross-linking and the reaction rate of the assembled 
ribozyme. For our mechanism involving two intermedi- 
ates, in which the final step is slow (as shown in Figure 
4), the observed rate is equal to the rate of the slow step 
(given by kc) multiplied by a factor reflecting the extent of 
ribozyme assembly. Agreement between experimentally 
observed and calculated rates is excellent (Figure 8). The 
striking correlation emphasizes that the intron itself can 
provide all of the structual elements required for efficient 
catalysis, but is in an active conformation only a small 
fraction of the time. 
Discussion 
RNA Provides Function, Protein Provides 
Structure: A General Mechanism 
Efficient splicing by the CBP2-bl5 complex exhibits a strik- 
ing division of labor between RNA and protein compo- 
nents. As detailed below, it is the RNA that provides the 
functions required for catalysis. However, under near 
physiological conditions (7 mM Mg2+), b15 RNA exhibits 
little or no tertiary structure, although its secondary struc- 
ture is largely formed. Acquisition of tertiary structure in 
the absence of CBP2 occurs in two transitions with mid- 
points at widely separated Mg 2+ concentrations of 15 mM 
10 ° 
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. .~ 10 -2 
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Figure 8. Excellent Correlation between Observed and Calculated 
Self-Splicing Rates 
Observed rates were determined either from kcat versus pH plots 
(closed circles; Weeks and Cech, 1995) Or from reactions performed 
at pH 8.5 (open circles). The line is calculated from k~a, = k~(K~oreKs, 
domain)/(1 J~ Kcote -J" KcoreK5, dornain) (Fersht, 1985) and setting k: = 2 per 
min. K~ore and Ks'dom,~n were calculated using equations given in Figure 
7 and substituting K = fraction folded/(1 - fraction folded). The broken 
line indicates k~,t for the CBP2-facilitated reaction. 
and much greater than 80 mM, respectively (Figure 7B). 
As a consequence, formation of the tertiary structure in 
the absence of CBP2 proceeds via an ordered pathway: 
first a tethered intermediate is formed in which only the 
core is folded, into which the 5' domain is assembled (Fig- 
ure 4). CBP2 binding drives both of these tertiary folding 
transitions to completion. 
Thus, CBP2 facilitates splicing by assembling pre- 
formed RNA secondary structure elements into a specific 
three-dimensional rray. Moreover, protein binding desta- 
bilizes at least one promiscuous inactive structure (moni- 
tored by XL-2). Therefore, CBP2 imposes a level of struc- 
tural specificity by stabilizing correct, but not incorrect, 
tertiary folding. We propose that these will be common 
functions of protein subunits of RNPs for the following 
reasons. 
RNA folding differs from protein folding in that RNA sec- 
ondary structures are exceedingly stable (AG ° -- -1 to 
-3  kcal/mol per base pair), but higher order folding is prob- 
lematic. Helices with high negative charge density must be 
brought into specific juxtaposition. Specific higher order 
packing is likely to be complicated by the relatively monot- 
onous surface presented by the phosphoribose backbone. 
Furthermore, the substrates for RNP enzymes like the ri- 
bosome and spliceosome feature heterogenous regula- 
tory and informational sequences. 
CBP2 mediates ordered assembly of three similarly 
sized domains (see Figure 1), each containing 70-120 nt. 
These domains are comparable in size with snRNAs, 
tRNAs, 5S RNA, and subdomains within the large ribo- 
somal RNAs. As in the case of the model system studied 
here, protein components of RNPs like the spliceosome, 
ribosome, RNase P, and telomerase may perform related 
tasks to both ensure proper assembly of an RNA active 
site and exclude incorrect foldings. There may also be 
cases in which a protein component of an RNP participates 
significantly in chemistry; in the "RNA world" view, these 
would be more recent innovations. 
There are more specific reasons to believe that elements 
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of the CBP2-bl5 mechanism are likely to extend to other 
RNP catalysts. RNase P RNA, like group I introns, is com- 
posed of several domains (Pan, 1995), whose assembly 
into a catalytically active structu re is cooperatively coupled 
with Mg 2÷ binding (Smith and Pace, 1993; Talbot and AIt- 
man, 1994b; Pan, 1995). In both cases, high cation con- 
centrations do not completely substitute for protein facilita- 
tion (Guerrier-Takada et al., 1983; Reich et al., 1988). Like 
CBP2, the protein cofactor is a tertiary structure-binding 
protein (Talbot and Altman, 1994a) whose binding site ap- 
pears to span RNA domains. In the case of CYT18 facilita- 
tion of splicing of the LSU group I intron in Neurospora, 
the RNA is not catalytically active alone (Guo et al., 1991), 
suggesting that productive folding in the absence of pro- 
tein may be significantly less favorable than observed 
here. Like CBP2, CYT18 also functions to exclude alterna- 
tive RNA foldings (Wollenzien et al., 1983). 
To what extent can we say that it is the b15 RNA subunit 
of this RNP that provides the elements required for cataly- 
sis? The guanosine cofactor binds as tightly to the b15 
RNA alone as to the protein-RNA complex (Weeks and 
Cech, 1995). In addition, mutations in the RNA can change 
the specificity for the nucleotide cofactor from guanosine 
to 2-aminopurine (Gampel and Cech, 1991). Third, when 
the 5' domain is held in place by a covalent tertiary interac- 
tion (XL-4) and the core is folded by addition of 40 mM 
Mg 2÷, the cross-linked RNA splices almost as well as the 
CBP2-bl5 complex at low Mg 2÷ concentrations (Figure 6). 
More generally, the ability to account for the rate of self- 
splicing by the rate of conversion of the folded RNA, ad- 
justed by the fraction of assembled active RNA (Figure 
8), emphasizes that the RNA by itself performs efficient 
catalysis. However, at low Mg 2÷ concentrations, it is in an 
active conformation only a small fraction of the time. 
Folding Energy Provided by CBP2 Is Large 
We can estimate a lower boundary for the tertiary folding 
energy provided by CBP2. At 7 mM Mg 2÷, K~ore quals 0.07, 
which means that only about 7% of the RNA has an assem- 
bled catalytic core. K~,uoma~, equals 0.03, which indicates 
that only 3% of those molecules in which the core is as- 
sembled have the 5' domain properly positioned. The UV 
cross-linking data indicate that the equilibrium constants 
for both transitions are high (at least 10) in the folded state 
promoted by CBP2. Thus, protein binding provides at least 
3.0 and 3.6 kcal/mol for assembly of the catalytic ore and 
for association of the 5' domain, respectively (see Experi- 
mental Procedures for calculation). 
Deletion of P0 makes Ks, domain unfavorable by an addi- 
tional factor of 26, while binding by CBP2 restores the 
processing rate to within a factor of two. Thus, CBP2 pro- 
vides an additional - 1.9 kcal/mol of stablilization for this 
mutant, for a total of more than 8 kcal/mol. 
Where Does CBP2 Bind? 
Protection from modification by DMS and Fe(II)-EDTA at 
40 mM Mg 2+ upon addition of CBP2 reports protein-RNA 
interactions and induced RNA-RNA interactions, includ- 
ing association of the 5' domain with the catalytic core. 
The Michel-Westhof model for the architecture of group 
I introns (Michel and Westhof, 1990; Jaeger et al., 1991) is 
supported by independent biochemical experiments that 
have identified elements in proximity in the active three- 
dimensional structure (reviewed by Cech et al., 1994). The 
model (Figure 9A)thus provides an experimentally verified 
framework within which to interpret Fe(II)-EDTA protec- 
tion observed upon addition of CBP2. 
Superimposed on the model, almost all positions pro- 
tected from free radical-mediated cleavage upon binding 
by CBP2 fall into one of two catagories. Either they lie on 
a discrete surface of one face of the molecule or they occur 
at the interface between the 5' domain and the catalytic 
core formed from the P7-P3-P8 and P5-P4-P6 domains 
(Figure 9B). In particular, CBP2 appears to bind at P7.1- 
P7.1a, a signature element for subgroup IA1 introns (Mi- 
chel and Westhof, 1990). In addition, CBP2 appears to 
bind across P8 and sandwich P1-P2 between itself and 
the rest of the core. There are essentially no protected 
positions on the backside of the three-dimensional model 
of the RNA. Thus, CBP2 appears to bind one face of the 
intron; the largest distance between protected regions is 
- 90/~, a distance readily spanned by a somewhat elon- 
gated protein of 630 amino acids (for example, see Rould 
et al., 1989). 
Experimental Procedures 
RNA Precursors and CBP2 Protein 
Splicing precursors were generated by runoff transcription from PCR 
templates using phage T7 RNA polymerase and purified by denaturing 
gel electrophoresis a described by Weeks and Cech (1995). Three 
Figure 9. Visualization ofthe CBP2 Interaction Site 
The RNA structure is the MicheI-Westhof model of the Saccharo- 
myces cerevisiae mtLSU group IA1 intron (Jaeger et al., 1991), slightly 
modified as described in Experimental Procedures. The state shown 
is just prior to the exon ligation step. Helices P0 and P2a are not 
shown. 
(A) Illustration of the domain structu re of b15. The intron is represented 
as a ribbon tracing the phosphoribose backbone. The 5' domain is 
red; the P7-P3-P8 domain is yellow; the P5-P4-P6 domain is blue. 
Peripheral elements, including P7.1-P7.1a, P9, and P9.1, are shown 
in purple, and the G-U base pair at the 5' splice site in P1 is green. 
(B) CBP2-mediated footprint. Positions protected from cleavage by 
Fe(II)-EDTA upon addition of CBP2 at 40 mM Mg 2÷ (see Figure 1) are 
shown in gray. 
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precursors, bl5-2, b15-5R, and bl5-AP0, were used in the experiments 
reported here and differed only in the lengths of their 5' exons (114, 
31, and 8 nt, respectively). CBP2 with a C-terminal (His)6 tag was 
overexpressed in Escherichia coli and purified to homogeneity by affin- 
ity chromatography on NF+-NTA agarose (Weeks and Cech, 1995). 
Reaction Conditions and Precursor Renaturation 
RNA precursors were renatured by heating to 90°C for 1 rain, subse- 
quently placed on ice, and after the addition of reaction buffer, incu- 
bated at 35°C for 30 rain. Final reaction conditions (35°C) were 52 
mM HEPES (pH 7.6), 50 mM KCI, 20 mM NaCI, MgCI2 (defined for 
each experiment in the Figure and Table legends), 0.2 mM DTT, 100 
pg/ml BSA, and 4% glycerol. Binding and kinetic experiments were 
performed exactly as described previously (Weeks and Cech, 1995). 
For the experiments reported in Figure 8, the rate of conversion of 
the folded precursor (Pc) was determined under conditions in which a 
conformational step is rate limiting from plots of rate versus pH (Weeks 
and Cech, 1995). (This conformational step follows formation of the 
properly folded enzyme and is distinct from the two structural transi- 
tions described in this work.) Alternatively, since the conformational 
step is wholly rate limiting at pH 8.5 under all conditions, the limiting 
rate was also determined as k~at at this pH. 
DMS Modification 
Reactions (100 I~1, 35°C) contained a final concentration of 25 nM 
bl5-2 precursor and 100 nM CBP2, if present, and were initiated by 
addition of 2 ~1 of D MS (1:10 dilution in ethanol) (Peattie, 1979). Reac- 
tions were quenched after 10 min with 25 p.I of 1 M J~-mercaptoethanol, 
1.5 M sodium acetate (pH 6) (Peattie, 1979), followed by extraction with 
1:1 phenol:chloroform and two extractions with chloroform. Samples 
were precipitated with ethanol and resuspended in 1 mM Tris (pH 7.5), 
0.1 mM EDTA prior to analysis by primer extension. 
Primer Extension 
Reactions were performed with 0.02-0.2 pmol modified RNA and 2 
pmol 5' end-labeled primer as described by Zaug et al. (1984), except 
that the final concentration of MgCI2 was reduced to 2.4 raM. Marker 
lanes were generated by including dideoxy nucleoside triphosphates 
in the extension reactions. Seven primers (of 20-26 nt) were used to 
evaluate the entire intron and flanking exons. The 5' most precursor 
nucleotides to which the primers were complementary are positions 
50,130,213,279,326, +16, and +32 (the plus denotes primers comple- 
mentary to sequences in the 3' exon). 
Fe(II)-EDTA Reactions 
Reactions were performed with 5' end-labeled b15-5R precursor, 
which features a shortened 5' exon (containing P0 plus a 4 nt leader), 
minimizing sequences between the radiolabel and structures of inter- 
est. Fe(II)-EDTA cleavage was performed by a modification of the 
procedure of Tullius and Dombroski (1986). We sequentially added 1 
p_l of Fe(II)-EDTA (10 mM Fe[NH4]2[SO4]2, 12 mM EDTA), 1 p_l of 50 
mM sodium ascorbate, and 1 pJ of 0.04% H202 to yield a final reaction 
of 10 p.I containing 50 nM b15-5R precursor and 200 nM CBP2 (where 
present). Glycerol and DTT were omitted from the reaction buffer. 
Following a 20 rain incubation at 35°C, reactions were quenched with 
1 ~1 of 100 mM thiourea plus 9 p.I of formamide stop solution containing 
0.2% SDS and heated to 90°C for 1 rain prior to loading on a gel. 
Cleavage patterns were resolved on a series of 8% and 12% polyacryl- 
amide, 7 M urea gels run for 2-6 hr to facilitate visualization of the 
entire 5'end-labeled precursor. A and G markers were made by iodine 
cleavage of precursors generated in transcription reactions containing 
5% of the appropriate (~-phosphorothioate nucleoside triphosphate 
(Schatz et al., 1991). Although the cleavage chemistries differ, for 5' 
end-labeled RNA the markers run true to cleavage positions gener- 
ated by Fe(II)-EDTA. Protection patterns were quantified using a Phos- 
phorlmager (Molecular Dynamics). 
UV Cross-Linking 
Reactions (10 ~1) were performed in 0.65 ml centrifuge tubes inverted 
over a UV lamp (254 nm, Model UVG-11 Mineral Light, UVP Incorpo- 
rated) at 37°C in a warm room at constant temperature. Reactions 
were performed for 3-5 min for quantitative xperiments and for 20 rain 
to generate preparative amounts of RNA used in mapping experiments 
using - 50 nM or 250 nM RNA, respectively. Following UV irradiation, 
proteinase K and EDTA were added to final concentrations of 1 mg/ 
ml and 100 mM, respectively, and reactions were digested for 30 min at 
35°C. After addition of an equal volume of formamide loading solution, 
cross-linked RNAs were resolved by electrophoresis in 6% polyacryl- 
amide, 7 M urea gels. For mapping experiments, cross-linked species 
were visualized by autoradiography, excised from the gel, eluted over- 
night into 0.5 M sodium acetate (pH 6), 1 mM EDTA, recovered by 
ethanol precipitation, and resuspended in 10 mM Tris (pH 7.5), 1 mM 
EDTA. Cross-linkingintensities increased linearly for at least 40 rain 
and were independent of concentration from 50 nM to 1.5 p.M, indicat- 
ing the cross-links are first order in RNA and, therefore, follow intramo- 
lecular events. 
The fraction precursor folded was determined by quantitating indi- 
vidual bands with a Phosphorlmager and taking intensities at 5 and 
80 mM MgCI2, as reflecting 0% and 100% folded, respectively. Back- 
ground was determined for each band by quantitating an identically 
sized gel region immediately above or below the band of interest. 
Bands were normalized to the total amount of radioactivity in each 
lane. Fraction folded is then equal to (lobs- 15 mM), / ( I80  mM - -  15,,M), where 
I is the normalized intensity minus background. 
Free Energy Calculations 
Folding energy contributed by CBP2 was calculated as AG ° = 
-RTIn(Kre~), where R is the gas constant, T is temperature; Kre~ = 10/ 
Kcore or 10/Ks'domain. K~ora nd K5'domain are equilibrium constants in the 
absence of CBP2. The value of 10 for these equilibrium constants in 
the presence of CBP2 represents a lower limit, estimated from quanti- 
tative UV cross-linking experiments (Figure 7). 
Cross-Link Mapping by RNase H Cleavage 
UV-irradiated but uncross-linked RNA or cross-linked RNA and 10 I~M 
oligodeoxyribonucleotide primer (see above) in 3.5 p.I were heated to 
90°C in 10 mM Tris (pH 7.5), 1 mM EDTA and allowed to cool slowly 
to 22°C. Reactions were initiated by addition of 1 p.I of 5x reaction 
buffer and 0.5 ~1 of RNase H (1 U/p.I; United States Biochemicals), 
incubated at 370C for 1 hr, and analyzed by gel electrophoresis. 
RNA Modeling 
Minor modifications to the model for the yeast mtLSU intron (Jaeger 
et al., 1991) were generated using Insight (Biosym Technologies). Our 
modifications include deleting P2.1 from the LSU intron (for which 
there is no counterpart in b15) and extending the P2 helix in the LSU 
intron (to reflect more closely the structure of P2 in b15). No attempt 
was made to incorporate P0 or P2a. 
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